This study was carried out to investigate the effect of solidification cooling rate on the corrosion resistance of an Mg-Zn-Ca alloy developed for biomedical applications. A wedge shaped copper mould was used to obtain different solidification cooling rates. Electrochemical and immersion tests were employed to measure the corrosion resistance of Mg-Zn-Ca alloy. It was found that increasing cooling rate resulted in a significant improvement in the corrosion resistance of the Mg-Zn-Ca alloy. The findings were explained in terms of solidification behaviour in association with the change in solubility of the alloying elements, microstructural homogeneity and refinement and chemical homogeneity as well as the increased cooling rates.
Introduction
Magnesium alloys are potential candidates for degradable load-bearing implant materials due to their excellent biocompatibility, degradability and osteoconductivity. The major drawback of magnesium alloys serving as implant materials at present is their poor corrosion resistance in physiological environment, and thereby they lose their mechanical integrity before tissues have sufficiently healed [1] . The corrosion rate of magnesium can be improved in various ways, mainly by surface coating and alloying [2] . For example, Mg alloys containing Zn and Ca elements have attracted much attention as orthopaedic biomaterials in recent years. Zn and Ca are chosen as alloying elements for magnesium alloy as orthopaedic biomaterials due to several reasons. Firstly, Zn and Ca are essential elements for the human body. Secondly, Ca is a major component of the human bone and can accelerate bone growth in implantation. Thirdly, a suitable amount of Zn and Ca can improve both the corrosion resistance and mechanical properties of magnesium alloys, which is mainly realized by grain refinement [3] [4] [5] [6] [7] [8] [9] [10] [11] . Therefore, Mg-Zn-Ca alloys for degradable bone internal fixation has been studied in recent years [12, 13] . Besides the surface coating and alloying, microstructural refinement of magnesium can lead to a significant improvement in the corrosion resistance due to the alteration of passive layer characteristics [14] [15] [16] [17] . Relevant research shows that grain refinement by means of plastic deformation can improve the corrosion resistance of magnesium alloy [18] [19] [20] . Moreover, solidification rate has been found to have a strong impact on grain refinement and therefore the corrosion behaviour of magnesium alloy [21] [22] [23] [24] . However, there is a lack of research on the effect of solidification rate on corrosion resistance of Mg-Zn-Ca magnesium alloys, which limits the development of the material. In this study, Mg-Zn-Ca alloys with different grain sizes were prepared by the cooling ratecontrolled solidification to investigate the influence of grain size on corrosion behaviour in simulated body fluid. 
Material and experimental method
Pure Mg ingot was melted at 720 1C under the protection of a gas mixture containing SF 6 and N 2 . Calculated amounts of pure Zn and Mg-45%Ca master alloy were added to the Mg melt and then held for 30 min to ensure that Zn and Mg-Ca master alloy gets melted and diffuses sufficiently. The melt was cast into a wedge shaped copper mould, at different cooling rates, to obtain an Mg-2Zn-0.5Ca (all in wt%) alloy with different grain sizes. Fig. 1 shows the wedge shape copper mould. The cooling rate was controlled by adjusting the dimensions of the mould using an empirical relationship between the cooling rate (T in K s À 1 ) and the half thickness of the wedge (z in mm), i.e., the distance from the walls to the central axis of the mould [25] T
where k and n are constants. For Cu, k is estimated to be 400 W/mK. The cooling rate at the tip of the mould is approximately 1000 K s
. The cooling rate as a function of the mould height was measured by recording the cooling curves at various points along the wedge using thermocouples. Five samples for microstructural examinations and other analyses were cut from different locations in the wedge shaped Mg-2Zn-0.5Ca ingot as shown in Fig. 1 and labelled as C 1 to C 5 .
Microstructural observations were performed on an optical microscope (OM, Zeiss AX10) and phase constitutions were characterized by X-ray diffraction (XRD, Rigaku D/max/ 2500PC). Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) experiments were performed in a three-electrode cell, using a platinum foil as the counter electrode and an Ag/AgCl (saturated KCl) electrode as the reference electrode, using a Zahner Zennium electrochemical workstation. Immersion tests were performed, following ASTM-G31-72, in an SBF (pH 7.4) at 37 1C in a WE-3 immersion oscillator. Samples were removed after 3 days of the immersion, rinsed with distilled water and dried at room temperature. Then the surface morphology after the immersion was observed using scanning electron microscopy (SEM, JSM-6700F). The weight loss of the immersed samples were measured after removing the corrosion products with a chromic acid and the degradation rates were obtained according to the following equation [26] :
where the coefficient K ¼ 8.76, W is the weight loss (g), A is the sample area exposed to the solution (cm 2 ), t is the exposure time (h) and D is the density of the material (g/cm 3 ).
Results and discussion
3.1. Microstructure and phase constitutes at different cooling rates Fig. 2 shows a typical microstructure of the Mg-2Zn-0.5Ca alloy solidified at different cooling rates. It is clear from the figure that the average grain size for the alloy decreases with increasing solidification rate. The average grain size was measured from the micrographs using the mean linear intercept method, to be 165 μm, 120 μm, 80 μm, 45 μm and 15 μm. The high magnification images of C1 and C4 are shown in Fig. 3 . It can be seen that the Mg-2Zn-0.5Ca alloy is mainly consisted of the primary α-Mg phase and secondary phases, which is along the grain boundary. It also can be seen from Fig. 3 that as solidification rate increases, the eutectic secondary phase structure becomes more dispersive and continuous. Fig. 4(a) is the XRD patterns of the C1 sample. It can be seen that the phases in Mg-2Zn-0.5Ca alloy are primary Mg, Ca 2 Mg 6 Zn 3 , Mg 2 Ca and MgZn phases. Fig. 4(b) is the EDS spectrums at location by arrow as shown in Fig. 3  (a) , which indicate that the secondary phase along the grain boundary in Mg-2Zn-0.5Ca alloy should be ternary compound consisted of Mg, Zn and Ca element. According to the Mg-Zn-Ca ternary phase diagram, the eutectic Ca 2 Mg 6 Zn 3 phase structure forms when the Zn/Ca atomic ratio is higher than 1.2 [27] . Combined with the XRD result, the secondary phase along the grain boundary in Mg-2Zn-0.5Ca alloy should be Ca 2 Mg 6 Zn 3 phase.
Electrochemical results
The polarization curves from electrochemical tests are shown in Fig. 5(a) . It was found that the alloy exhibited higher corrosion potential as the cooling rate increased. Corrosion potential is the combined result of the electrochemical reaction at the interface between sample and the SBF solution. This suggests that the increase in solidification rate decreases susceptibility to electrochemical reaction. Rapid solidification brings about an increase in the solid solubility of zinc and calcium into the magnesium matrix, which is beneficial to form a protected film containing zinc and calcium element on the surface of alloy and this film can protect the alloy to avoid further corrosion [28, 8] . Moreover, rapid solidification also brings about an increase in the solid solubility of some impurity elements affecting the corrosion resistance, which would decrease the susceptibility to corrosion. The Nyquist spectrums for the Mg-2Zn-0.5Ca alloy in Fig. 5(b) show that the capacitive loop enlarges with cooling rate. The diameter of the capacitive semicircle of a Nyquist plot is related to the corrosion rate and an increase in the diameter represents a decrease in corrosion rate. Fig. 5(b) thus demonstrates clearly the effect of an increased cooling rate on improving corrosion resistance for the material. It can also be seen from the figure that the high frequency region capacitive arc coexists with the middle frequency region capacitive arc in the frequency range of the capacitive loops for the C1-C3 samples. Normally, a high frequency region capacitive arc is caused by charge transfer between electric double layers on the sample surface. This suggests that the corrosion of magnesium alloy in the SBF involved a charge-transfer-controlled dissolution process, with the formation of a corrosion product film on the surface and a dissolution process through the film. When a magnesium alloy surface is free of corrosion products or the corrosion film is of a porous nature, the corrosion process is controlled by charge-transfer controlled dissolution and/or diffusion of the reactants for the cathodic reaction. A capacitive arc in medium frequency range is related to the mass transfer process of corrosion products due to the growth of the corrosion product layer. The C1, C2 and C3 samples with relatively larger grain sizes possessed lower corrosion potential so that they tended to get corroded more easily at the initial stage and the corrosion product layer formed readily, causing the middle frequency region capacitive arc as displayed in Fig. 5(b) . The C4 and C5 samples showed only high frequency region capacitive arc, indicating that a corrosion product layer was not formed at the initial stage of corrosion due to their higher corrosion potential, therefore the second capacitive arc did not emerge during testing process. Fig. 4 . XRD patterns of C1 sample (a) and EDS spectrums at location by arrow as shown in Fig. 3(a) . Fig. 6 shows the corrosion rate variation as a function of cooling rate for the Mg-Zn-Ca alloys. It can be seen from the figure that the corrosion rate decreases with increasing cooling rate. This result suggests again that the corrosion resistance of the alloy was improved as cooling rate increased, which is inconsistent with the electrochemical EIS measurement results. The result also clearly shows that the corrosion rate decreased with increasing immersion time. It was observed that the corrosion rate was high in the first 12 hours and then gradually reached a stable stage upon further immersion. A possible explanation may be given in terms of the formation of a corrosion product layer. The corrosion products deposited on the sample surface developed into a continuous layer upon corrosion and thickened as the immersion test went on. The layer could well play a protective film, retarding further degradation. Fig. 7 shows the surface morphologies of the Mg-2Zn-0.5Ca alloy solidified at different cooling rates and immersed in SBF for 72 h. It can be seen that the amount of corrosion products decreased with increasing cooling rate. On the other hand, corrosion pits were observed on the surface of the C1 sample solidified at the lowest cooling rate and the corrosion film was loose and porous. For the samples solidified at higher cooling rates, the corrosion film became more compact and corrosion became more homogeneous, indicating a change in corrosion mechanism from pitting to overall corrosion. All these observations verified the analysed results from both the electrochemical and immersion tests that increasing cooling rate improved the corrosion resistance of the material.
Corrosion behaviour in immersion tests
The change in corrosion mechanism from pitting to overall corrosion is important in corrosion control. High cooling rate can lead to grain refinement, enhancing microstructural and chemical homogeneity, which can decrease activity and probability of local micro-galvanic corrosion and turn pitting corrosion into overall corrosion mechanism. Moreover, as shown in Figs. 2 and 3 , the continuity of intergranular eutectic phase increased as the grain size reduced, which could play as a barrier to the corrosion of the alloy.
Conclusions
Microstructural evolution and corrosion behaviour in an Mg-2Zn-0.5Ca alloy solidified at different cooling rates were investigated in order to clarify the effect of rapid solidification on the corrosion resistance of the material. The conclusions obtained in this study are summarized as below:
(1). Increasing solidification cooling rate resulted in a decrease in the average grain size and the secondary phase became more dispersive and continuous. (2) . The corrosion resistance of the material improved with the increasing cooling rate, with apparently increased corrosion potential and homogenized corrosion mechanism. (3). The improvement in the corrosion behaviour is attributed to the cooling rate enhanced microstructural refinement, chemical homogeneity and solubility enhancement for the alloying element.
